Hel308 is a superfamily 2 helicase/translocase that is conserved throughout archaea and in some eukaryotes for repair of genotoxic lesions such as ICLs (interstrand DNA cross-links). Atomic structures of archaeal Hel308 have allowed mechanistic insights into ATPase and helicase functions, but have also highlighted structures that currently lack a known function, such as an unexpected WH (winged helix) domain. This domain and similar overall protein structural organization was also identified in other superfamily 2 helicases that process RNA molecules in eukaryotes: Brr2, Mtr4 and Prp43p. We survey the structure of Hel308 with regard to its WH domain in particular and its function(s) in maintaining structural integrity of the overall Hel308 ring structure, and possibly during interactions of Hel308 with other proteins and/or forked DNA.
of other superfamily-2 helicases: Brr2 [8, 9] , Mtr4 [10, 11] and Prp43p [12, 13] . Brr2, Mtr4 and Hel308 are members of the Ski2-like family of helicases. However, initial family classifications were largely based on amino acid sequences within conserved motifs of the two RecA folds, which are essential for nucleic-acid-stimulated NTPase activity. The similarity of the Brr2, Mtr4 and Hel308 protein modules outside this translocation core had not been predicted from amino acid sequence homology. Prp43p is the first DEAH (Asp-Glu-Ala-His)/RHA (RNA helicase A) helicase to be characterized structurally, and, like Hel308, Brr2 and Mtr4, has a ring-shaped topology comprising four key domains alongside additional accessory domains. In each protein, it is likely that the accessory domains outside the RecA and core ring domains are important for the specialized functions of each enzyme, thereby permitting members of the two families to be involved in diverse aspects of RNA and DNA metabolism.
In the Hel308-DNA co-crystal, single-stranded nucleic acid threads over tandem RecA domains (domains 1 and 2 in Hel308; Figure 1A ) and through the central cavity of overall protein ring structure. This nucleic acid-protein topology can be modelled into the other helicase structures. A β-hairpin, believed to guide nucleic acid strand separation in Hel308, forms an additional element within the second RecA fold, consistent in each of these helicases, where it is also presumed to perform equivalent roles. The fourth key domain (domain 4 in Hel308; Figure 1A ) has been predicted to function as a helicase 'ratchet', which positions nucleic acids for translocation linked to ATPase functions of the RecA domains, and this is supported by structural and biochemical evidence [4, 5, 7] . In Brr2, this ratchet forms part of a composite domain called Sec63 [8] . Domain 3 of the ring is also conserved in these helicases, hinting at its importance to function, but its role cannot be easily interpreted from the structures alone. It is the positioning and function(s) of this module, a divergent WH (winged helix) fold that was This Figure was generated from PDB code 2P6R and modified using Mac PyMOL (DeLano Scientific; http://www.pymol.org). In the cartoon of the atomic structure each Hel308 domain (1-5) is coloured differently and labelled, as are amino acid pin and linker regions that are detailed in the text. The WH domain is shown in red and is packed tightly against RecA domain 1, shown in green. Each α-helix of the WH domain is labelled to aid comparison with detailed amino acid sequences in Figure 2 (A). The block diagram below the Hel308 structure cartoon shows the general organization of Hel308 domains compared with the N-terminal part of Brr2 helicase. Each contains a tandem pair of RecA domains followed by the WH domain before the helicase ratchet domain, which, in Brr2, is part of a larger fold called Sec63 [8] .
unexpected until resolution of atomic structures, that is the focus of this survey, and will now be looked at in more detail with particular emphasis on Hel308.
WH domains and an enigmatic variation in Hel308
Detailed reviews of WH domain topologies are available elsewhere, for example in [14] , but we summarize some key points in the present paper for understanding this domain in Hel308 and its related proteins. WH folds were initially identified as sequence-specific DNA-binding domains in transcription factors, particularly those of the forkhead family. It has since become clear that they are found throughout all three domains of life within proteins involved in processes ranging from DNA replication to intracellular signalling, and with some diversity in precise sequence and structural organization. In many cases, WH domains perform their canonical function, nucleic acid binding, but this role cannot be assumed, even when a WH constitutes part of a DNA-binding protein. For example, evidence to date indicates that the WH domain within the ssDNA-binding protein subunit RPA32 (where RPA is replication protein A) is required for protein-protein interactions [15] . The WH domain is an extension of another common DNA-binding fold, the HTH (helix-turn-helix) motif. However, the longer loop between helices 2 and 3 of WH domains allows enhanced flexibility in helix positioning, which, combined with the addition of the wings, may provide the WH with greater versatility.
The WH domain 3 is an outstanding feature of the Hel308 atomic structure that is currently of unknown function ( Figure 1B) . A brief overview of WH domains is given below, but notable details of the topology and structural detail of the Hel308 WH domain can be summarized as (i) non-canonical or divergent amino acid sequence conservation compared with most WH domain proteins, (ii) its intriguing positioning relative to RecA and helicase ratchet domains 1, 2 and 4, and (iii) its positioning relative to DNA. These are discussed below, followed by comments on the possibility that the Hel308 WH domain has more than one role, which may include interactions with other proteins.
Non-canonical conservation of WH domain amino acid sequences in Hel308
Canonical WH domains share a topology comprising three α-helices and two or three β-strands forming a body that is flanked by two 'wings' or linkers that connect the α/β core, described in more detail in [14] . This most commonly provides a DNA-binding module for proteins in which the third α-helix acts as a 'recognition' helix for interaction with DNA, with other DNA contacts made by one or both of the wings, in each case through conserved basic amino acids. In Hel308, the WH domain comprises four α-helices (helices 18-21 in the overall structure; Figure 2A ) and two parallel β-strands, but residues of the recognition α-helix (helix 20) are not especially well conserved either between archaeal species or more widely, perhaps arguing against a role for this domain in binding to DNA. Instead, the preceding helices carry acidic and aromatic residues that are highly conserved in Hel308 proteins throughout archaea and eukaryotes (Figure 2A) . A similar pattern of divergent WH domain sequences is also present in Brr2 helicase [8] . Mutagenesis of the conserved aromatic residues in the WH domain of Hel308 from the archaeon Methanothermobacter had a profound effect on helicase unwinding (I.L. Woodman, R. Green, E. Bond and E.L. Bolt, unpublished work), but mutagenesis of residues in the recognition helix had no such effect. The requirement of these aromatic residues might be explained by the positioning of the WH domain in Hel308, discussed next.
Positioning of the Hel308 WH domain in the overall ring structure
The WH domain occupies a key position in Hel308 that is linked to the helicase core domains 1, 2 and 4 by very different means. It packs tightly against RecA domain 1, positioning it close to the helicase ratchet domain 4, rather than RecA domain 2 (Figure 1) . Attachment of the WH domain to domain 2 is via a 15-amino-acid linker that is surprisingly well conserved in the sequence. Domain 1-WH domain interactions include the side chains of the conserved aromatic residues from α-helix 2 of the WH domain (helices 18 and 19 in the overall Hel308 structure; Figure 2A ), which are required for helicase unwinding, as noted above. Given its positioning, it is possible that the WH domain of Hel308 is important for fully co-operative interdomain communication during helicase unwinding. In this respect, the WH domain might help to maintain the structural integrity of the enclosed Hel308 ring around ssDNA. Hel308 in complex with DNA [5] is a snapshot structure without ATP, and it is possible that Hel308 may undergo some conformational movement between domains. It is not clear how Hel308 loads on to ssDNA, and some opening and closing of the Hel308 ring may be needed for this. The linker between the WH domain and RecA domain 2 is especially interesting in this context, as it might act as a hinge for communicating between ATPase activities of RecA domains 1 and 2 and the helicase ratchet. Perhaps this will become clearer if more structural information becomes available about the helicase unwinding cycle in the presence of ATP. It seems from our preliminary studies that the WH domain of Hel308 has a key role in ATPase and helicase functions (I.L. Woodman, E.L. Bolt, E. Bond and R. Green, unpublished work), but mechanistic understanding of how this works is currently difficult to decipher. The structure of Hel308 in complex with DNA and the divergent nature of amino acid sequence conservation in its DNA recognition helix does nothing to convince that the WH domain engages in any way with DNA. However, this atomic structure does not represent the preferred substrate for unwinding by archaeal Hel308; engagement of a forked DNA substrate instead might place the WH domain in close proximity to a duplex lagging strand. This is considered briefly in the next section with reference to recent WH domain structures obtained from RecQ helicases, which are DNA-repair helicases absent from archaea, but in some ways functionally similar to Hel308.
WH domains and DNA interactions in Hel308 and RecQ helicases
Of the atomic structures mentioned so far (Hel308, Brr2, Mtr4 and Prp43p), only that of Hel308 from A. fulgidis is solved as a co-complex with nucleic acid. This structure showed the WH domain to be distal from DNA, with this domain being unusual compared with other Hel308 domains in forming only minimal contact with DNA, indicated in Figure 2 (A). The apparent preference of Hel308 for unwinding forked DNA lagging strands was modelled from the Hel308-DNA co-structure, but with the WH domain removed to improve clarity as it would obscure the duplex region of the fork-lagging strand ( Figure 2B ). The likely position of the WH domain is interesting as, if it were positioned as expected, abutted to domains 1 and 4 and connected by a linker to domain 2, then its surfaceexposed face might be close to an extended lagging strand. It might be possible to assess the likelihood of any Hel308 WH domain-DNA interaction experimentally using mutagenesis of its surface-exposed helices and possibly by crystallographic determination of archaeal Hel308 bound to a forked DNA substrate.
RecQ helicases are found in bacteria, yeasts and higher eukaryotes with a variety of roles in maintaining genome stability [16, 17] . The WH domain of RecQ helicases is implicated in DNA interactions that give functionality or substrate specificity to unwinding. The absence of RecQ homologues from most archaea, apart from some Methanosarcina species, and evidence for some RecQ-like functionality of Hel308 [3, 6] has sparked interest into whether the physiological role of Hel308 is the same as any one of the RecQ helicases.
The RecQ WH domain is housed within an RQC (RecQ C-terminal domain) module, which binds a variety of DNA substrates with high affinity in vitro, and is thought to be essential for helicase activity. The positioning of the WH domain in the two known RecQ structures differs relative to the RecA domains, thereby burying the putative recognition helix in RECQ1. However, the recent structure of the isolated WH from WRN (Werner's syndrome protein) in complex with DNA identifies a novel mode of DNA interaction [18] , which may be conserved in other members of the RecQ family. A connective loop and the β-hairpin wing, instead of a helix, form the binding interface in this structure. The positioning of the hairpin also implicates it in strand separation, a notion supported by mutagenesis of the analogous region of RECQ1.
A major role for RecQ helicases in maintaining genome stability is their ability to unwind G4 (G-quadruplex) DNA structures that impede advancing replication forks. The RQC domain is the major binding site for G4 constructs in BLM (Bloom's syndrome protein), implying a role for the RecQ WH domain in the recognition of this substrate [19] . However, our results show that Hel308 is unable to unwind G4 DNA, unlike bacterial RecQ control reactions (Figure 3) , making it unlikely that the Hel308 WH domain is involved in RecQ-like interactions with G4 DNA, but it cannot be absolutely ruled out to interact in some way with duplex DNA.
Protein-protein interactions of Hel308: a role for the WH domain?
The physiological role of Hel308 in archaea and eukaryotes is still far from clear, in part because of little information about its interactions with other proteins. Archaeal Hel308 has been shown to interact with the recombination-repair nuclease Hjc in Crenarchaea [20] and we have found recently that euryarchaeal Hel308 interacts with the ssDNA-binding protein RPA [21] . Interaction with RPA seems to be mediated by the C-terminus of Hel308, and there is evidence that interaction of Hel308 with Hjc in Sulfolobus requires an intact WH domain in Hel308 [22] . Certainly, the position of the Hel308 WH domain, with prominent solvent-exposed helices 18 and 20 (Figures 1 and 2A ) that do not obviously engage with DNA, might be well placed for interactions with other proteins.
Concluding remarks
The presence of WH domains of unknown function within similar structural units of the biologically important proteins Hel308, Brr2, Mtr4 and Prp43p is suggestive of at least some commonality of function. WH domains are primarily considered to be modules for interactions with other macromolecules, often DNA or RNA and sometimes proteins. The positioning of the WH domain in Hel308, together with some preliminary biochemical data, indicate that it might have an important role in relative positioning of individual domains and translating this into helicase functions. However, the WH domain may multitask by maintaining structural integrity of RecA domain positioning while offering solvent-exposed facets for interaction with protein or nucleic acids.
